A transient transfection-fusion assay was established to investigate membrane fusion mediated by pseudorabies virus (PrV) glycoproteins. Plasmids expressing PrV glycoproteins under control of the immediate-early 1 promoter-enhancer of human cytomegalovirus were transfected into rabbit kidney cells, and the extent of cell fusion was quantitated 27 to 42 h after transfection. Cotransfection of plasmids encoding PrV glycoproteins B (gB), gD, gH, and gL resulted in formation of polykaryocytes, as has been shown for homologous proteins of herpes simplex virus type 1 (HSV-1) (A. Turner, B. Bruun, T. Minson, and H. Browne, J. Virol. 72:873-875, 1998). However, in contrast to HSV-1, fusion was also observed when the gD-encoding plasmid was omitted, which indicates that PrV gB, gH, and gL are sufficient to mediate fusion. Fusogenic activity was enhanced when a carboxy-terminally truncated version of gB (gB-008) lacking the C-terminal 29 amino acids was used instead of wild-type gB. With gB-008, only gH was required in addition for fusion. A very rapid and extended fusion was observed after cotransfection of plasmids encoding gB-008 and gDH, a hybrid protein consisting of the N-terminal 271 amino acids of gD fused to the 590 C-terminal amino acids of gH. This protein has been shown to substitute for gH, gD, and gL function in the respective viral mutants (B. G. Klupp and T. C. Mettenleiter, J. Virol. 73:3014-3022, 1999). Cotransfection of plasmids encoding PrV gC, gE, gI, gK, and UL20 with gB-008 and gDH had no effect on fusion. However, inclusion of a gM-expressing plasmid strongly reduced the extent of fusion. An inhibitory effect was also observed after inclusion of plasmids encoding gM homologs of equine herpesvirus 1 or infectious laryngotracheitis virus but only in conjunction with expression of the gM complex partner, the gN homolog. Inhibition by PrV gM was not limited to PrV glycoprotein-mediated fusion but also affected fusion induced by the F protein of bovine respiratory syncytial virus, indicating a general mechanism of fusion inhibition by gM.
Virus-cell fusion events mediated by viral membrane glycoproteins constitute a crucial primary step in the infectious cycle of all enveloped viruses. All known viral fusion proteins or protein complexes have common features. They are composed of one or two type I integral membrane glycoproteins, contain extended ectodomains carrying N-linked carbohydrates, form higher-order oligomers, are present on the viral membrane at high surface density, and contain a fusion peptide in a membrane-anchored subunit. Many viral fusion proteins are tight complexes of two glycoprotein subunits that confer binding as well as fusion activity, and many are made as larger precursors which require proteolytic activation of their fusogenic potential (16) . In general, it is suggested that a triggered conformational change exposes a previously cryptic fusion peptide, which is then able to insert into the lipid bilayer and thus initiate the fusion reaction by disturbing the membrane integrity. The best-studied example is fusion mediated by hemagglutinin (HA) of influenza virus. Although the crystal structures for both neutral and pH-activated forms of HA are known, the molecular mechanism underlying the merger of two membranes in HA-mediated fusion is still unclear (6) .
Herpesviruses encode numerous different envelope glycoproteins whose functions are only slowly becoming clearer. In the alphaherpesviruses herpes simplex virus type 1 (HSV-1) and pseudorabies virus (PrV), 11 glycoproteins have been identified and characterized to some extent (26, 27, 37) . gC and gD have been found to bind cell surface receptors (11, 27, 37, 39) . Virus mutants lacking glycoprotein gB, gD, gH, or gL are unable to penetrate target cells, a defect which can be at least partially overcome by treatment with an artificial fusogen, polyethylene glycol, indicating that these proteins are involved in the fusion process (reviewed in references 27 and 37). However, no classical viral fusion protein has been identified for any member of the herpesviruses, although there are reports that constitutive expression of gB or gD in transgenic cells does increase polykaryocyte formation (4, 5) . Glycoprotein gB, a highly conserved protein present in all subfamilies of the herpesviruses, is one of the most abundant proteins in the viral membrane and exhibits many features described for fusion proteins: it is a homodimeric type I N-glycosylated membrane protein, which in most herpesviruses is cleaved by a cellular protease into two disulfide-linked subunits (33) . Sequence alignments of a hydrophobic region located near the transmembrane domain revealed intriguing similarity with known fusion peptides (35) . However, attempts to induce cell fusion solely with gB were inconclusive, indicating either that gB is not the fusion protein or that fusion requires an additional viral protein(s).
Recently, in a transient expression-fusion assay, gB, gD, and the gH-gL complex of HSV-1 have been found to be necessary and sufficient to mediate membrane fusion in a Cos cell transfection system (38) . This was the first successful assay to measure alphaherpesvirus-induced membrane fusion in the absence of virus infection. The data showed that all four proteins have to be present for fusion to occur. To establish common and divergent features in membrane fusion induced by alphaherpesviral glycoproteins, we established a fusion assay with PrV glycoproteins and analyzed the contribution of different viral glycoproteins to the fusion process.
MATERIALS AND METHODS
Construction of expression plasmids. All PrV genes were derived from strain Kaplan (20) . The open reading frame (ORF) for gB was amplified by PCR with specific primers (29) and cloned as a BamHI-EcoRI fragment into appropriately cleaved plasmid pcDNA3 (In Vitrogen, Groningen, The Netherlands) (29) . pgB-008 expresses a C-terminally truncated derivative of gB which lacks the 29 C-terminal amino acids (29) . Plasmid gDgI-CMV contains the bicistronic expression unit encompassing the gD and gI genes which are transcribed into a single mRNA (12) . The gH ORF was amplified by PCR of PrV DNA using specific primers and ligated as an EcoRI-XhoI fragment into appropriately cleaved vector pcDNA3. The gL ORF was excised with BspEI and PstI from cloned fragment BamHI-6 and ligated into vector pRc/CMV (In Vitrogen). The gDH ORF was PCR amplified with specific primers from viral PrV-⌬gLPass DNA (23) and cloned via the EcoRI and XhoI sites into pcDNA3. The PrV gM (UL10) ORF was amplified with specific primers from cloned BamHI fragment 3 and inserted into pcDNA3. Construction of expression plasmids (vectors pcDNA3 and pRC/CMV) coding for the other (glyco)proteins tested has been described recently for UL20 and gK (8) , gE and gI (2), gC (12) , and gN (19) . Plasmid DNA was prepared with the plasmid maxiprep kit (Qiagen, Hilden, Germany). Expression of proteins was verified by establishing stable cell lines and transcomplementation of corresponding deletion mutants and/or immunofluorescence with specific sera or monoclonal antibodies on stably or transiently transfected cells.
Plasmids encoding equine herpesvirus 1 (EHV-1) gM, EHV-1 gN, infectious laryngotracheitis virus (ILTV) UL10 (10) , and ILTV UL49.5 were generously provided by Klaus Osterrieder, Christian Seyboldt, and Walter Fuchs (Insel Riems, Germany). A plasmid expressing a synthetic gene for the bovine respiratory syncytial virus (BRSV) F protein (Fsyn), in which putative splice sites were eliminated and the GC content was enhanced, was generously provided by Patricia König and Günther Keil (Insel Riems). All genes were expressed under the control of the immediate-early 1 promoter-enhancer complex of human cytomegalovirus (HCMV) except the Fsyn gene, which was cloned downstream of the murine CMV (MCMV) early promoter. To induce F protein expression, a plasmid encoding MCMV immediate-early protein 1 had to be cotransfected (P. König and G. Keil, personal communication).
Fusion assays. Rabbit kidney (RK13) cells were seeded at approximately 8 ϫ 10 5 cells per well in six-well culture dishes. Transfections were performed with SuperFect transfection reagent (Qiagen) using 2 g of each glycoprotein-encoding plasmid. The amount of DNA was equalized by adding appropriate amounts of pcDNA3 vector. DNA was mixed in 150 l of minimal essential medium without serum, and 10 l of SuperFect reagent was added and mixed. After 10 min of incubation at room temperature, 830 l of medium containing 10% fetal calf serum was added, and the transfection mixture was dispersed in duplicate wells onto the cell monolayer. Cells were incubated at 37°C for 18 h. Thereafter, the transfection mixture was replaced by medium with 10% fetal calf serum, and cells were further incubated at 37°C for 9 to 24 h as indicated. They were then fixed with 80% ethanol and incubated with a monoclonal antibody (MAb) directed against gB (A20-c26) (29) or a MAb directed against the BRSV F protein (kindly provided by G. Taylor, Compton, United Kingdom) followed by incubation with anti-mouse immunoglobulin G-fluorescein isothiocyanate conjugate (Daco Diagnostics, Hamburg, Germany).
Quantitation of fusion. Nuclei in 100 polykaryocytes per assay were counted microscopically by two independent observers in two independent assays. Polykaryocytes were defined as cells containing more than one nucleus. Average values and standard deviation were then calculated.
RESULTS

Establishment of a transient expression-fusion assay.
To investigate fusion induced by PrV glycoproteins, plasmids encoding gB, gD, gH, and gL were cotransfected into RK13 cells, and fusion was analyzed 42 h after transfection. As shown in FIG. 1. PrV glycoprotein-mediated cell fusion. RK13 cells were transfected with plasmids coding for gB (A); gB, gD, gH, and gL (B); gB, gH, and gL (C); gB and gH (D); gB, gD, and gH (E); or gB and gDH (F). Cells were microscopically examined, and pictures were taken 42 h posttransfection. Magnification, ϫ65.
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Fig. 1A, after transfection of only the gB-expressing plasmid, fluorescent single cells and no polykaryocytes were observed, which indicates that gB alone is not sufficient to promote cell fusion. In contrast, cotransfection of plasmids coding for gB, gD, gH, and gL resulted in cell-cell fusion, demonstrated by emergence of polynucleated cells (Fig. 1B) . Thus, in this system, expression of these four viral glycoproteins is sufficient to induce fusion of RK13 cells, although not all fluorescing cells were involved in syncytia. Polykaryon formation was also observed when the gD expression plasmid was omitted (Fig. 1C) . Thus, gD is not required for fusion in the PrV system, which mimics the situation found for direct cell-to-cell spread during virus infection. While gD is dispensable for direct cell-to-cell spread of PrV, this process does not occur in HSV-1 in the absence of gD (25, 32, 34) . In contrast, in the absence of gL ( Fig. 1D and E) or gH ( Fig. 2) , fusion did not occur. Also, we never observed any fusion in the absence of gB (data not shown). When plasmids encoding gD, gH, and gL were replaced with a plasmid encoding the gDH hybrid protein (Fig.  1F ) obtained from PrV-⌬gLPass (23), formation of polykaryocytes was also observed, although only at a low level (Fig. 2) . The gDH protein has been shown to compensate for the absence of gL, but also complements the gD and gH defects in the respective viral mutants (23) . These results were quantitated by counting nuclei in 100 polykaryocytes per assay in duplicate assays by two independent observers. Data are shown in Fig. 2 .
Enhancement of fusion by C-terminally truncated gB. Although fusion was readily observed in our assay system, we tried to enhance fusion by inclusion of a plasmid encoding a C-terminally truncated version of gB, gB-008, in which the C-terminal 29 amino acids were deleted. A similar deletion in HSV-1 gB had been shown to cause a syncytial phenotype, indicative of increased fusogenic activity (1) . Cells expressing gB-008 complement gB-negative PrV mutants, but plaques exhibit a syncytial phenotype (29) . The results are shown in Fig. 3 and summarized in Fig. 4 .
Fusion is enhanced after expression of gB-008 (substituting for gB), gD, gH, and gL (Fig. 3B ) compared to transfections of gB, gD, gH, and gL (Fig. 1B) . Transfection of gB-008 alone did not result in the formation of polynucleated cells (Fig. 3A) , indicating that, like gB, gB-008 alone is not sufficient to mediate cell-cell fusion. Omission of the gD-expressing plasmid (Fig. 3C) reduced fusion (Fig. 4) , but polykaryocyte formation still occurred efficiently. Surprisingly, fusion was also observed when gL was omitted from the assay (Fig. 3E) or when only gB-008 and gH were expressed (Fig. 3D) . Interestingly, expression of gB-008 and gDH led to extended fusion (Fig. 3F) .
Thus, the mutated gB and gH together seem to be sufficient to trigger fusion, i.e., the merger of membranes. In all our assays, we never detected fusion activity in the absence of either gB (mutated or wild type) or gH. This again is in good agreement with data obtained with virus mutants .   FIG. 2 . Quantitation of PrV glycoprotein-mediated cell fusion. As a measurement for the extent of fusion induced after transfection of expression plasmids for gB and the indicated glycoproteins, nuclei within 100 polykarya per assay were counted in two parallel assays by two independent observers, and average values and standard deviations were calculated.
Requirement for gB and gH in cis or trans for fusion. Next we tested whether gB and gH have to be present on the same membrane (in cis) to induce fusion or whether fusion also occurs when both are present on separate plasma membranes (in trans). To this end, cells were transfected either with the plasmid expressing gB-008 or with the gH expression vector. One day posttransfection, cells were trypsinized and mixed in different ratios. At no time after coseeding was fusion observed. In contrast, when expression plasmids for gB-008 and gH were cotransfected, and transfected and nontransfected cells were subsequently trypsinized and mixed, numerous polynucleated cells developed (data not shown). This indicates that both proteins have to be present on the same membrane in cis to induce fusion, which has also been postulated for HSV-1-induced fusion (7) .
Effect of expression of other membrane (glyco)proteins on fusion. Studies with viral mutants revealed that in HSV-1 and PrV gB, gD, gH, and gL are required for penetration. The same proteins are essential for direct cell-to-cell spread of HSV-1, while in PrV gD is not necessary for this process (25, 32, 34) . The essential glycoprotein gK is involved in cell-cell spread but not in penetration (17, 18, 22) , and mutants lacking gM, gE, and gI are deficient in polykaryocyte formation, implying a role for these proteins in plasma membrane fusion but not in virion entry (7, 38) . Since requirements for fusion in our transfection-fusion assay parallel those for cell-to-cell spread rather than those for penetration, it was of interest to analyze whether any of the other known PrV membrane (glyco)proteins has an effect on fusion. Therefore, cotransfections were performed using expression plasmids for gB-008 and gDH, which resulted in the most extensive fusion, and different combinations of plasmids encoding gC, gE, gI, gK, gM, gN, or UL20. No or only slight inhibition of fusion activity was observed after cotransfection with gC, gE, gK, gN, or UL20 plasmids; with gE and gI, which form a complex (44); or with gK and UL20, which have been shown to functionally interact (8) (data not shown). However, cotransfection with a gMexpressing plasmid resulted in drastically reduced fusion (Fig.  5B) . Only a very few polykaryocytes were detectable, in contrast to extensive fusion after cotransfection of gB-008 and gDH expression plasmids without gM (Fig. 5A) or with a gN expression plasmid instead of gM (Fig. 5C ). Quantitation is shown in Fig. 6 .
Inhibition of membrane fusion by gM and gN homologs of other herpesviruses. To test whether the observed inhibition of membrane fusion is specific for PrV gM, we replaced PrV gM with the homologs from EHV-1 (gM) or ILTV (UL10). The gM-homologous ILTV UL10 gene product is not glycosylated and therefore cannot be designated gM (10) . Inclusion of these plasmids had no inhibitory effect on fusion (Fig. 6 ). Since it had FIG. 3. C-terminally truncated gB enhances fusion. RK13 cells were transfected with plasmids coding for gB-008 (A); gB-008, gD, gH, and gL (B); gB-008, gH, and gL (C); gB-008 and gH (D); gB-008, gD, and gH (E); or gB-008 and gDH (F). Cells were examined microscopically and pictures were taken 36 h posttransfection. Magnification, ϫ65.
been shown for different herpesviruses that gM forms a complex with gN, the product of the UL49.5 gene (19, 24, 42) , we tested the effect of cotransfection of both protein-encoding plasmids. Inclusion of the gN homologs with the gM of EHV-1 or ILTV (Fig. 6) reduced fusion, although not as efficiently as PrV gM alone. For PrV, the inclusion of gN in addition to gM did not influence the result.
Inhibitory effect of gM on fusion is not herpesvirus specific. To investigate whether the inhibition of fusion by PrV gM is limited to fusion induced by herpesviral glycoproteins, a plasmid directing expression of a synthetic ORF encoding the F protein of BRSV was transfected into RK13 cells. For successful expression of the F protein via the nucleus, putative splice sites had been deleted and the original GC content had been raised (König and Keil, personal communication). Transient expression of this protein led to significant cell fusion (Fig.  7A) , as expected from this bona fide fusion protein. Interestingly, after inclusion of the PrV gM-encoding plasmid (Fig.  7B) , fusion was again drastically reduced (Fig. 7C) . This result implies that fusion inhibition by gM is a general mechanism and not specific for fusion induced by herpesvirus glycoproteins.
DISCUSSION
During herpesvirus infection, several membrane fusion processes occur. For entry, the virion envelope fuses with the plasma membrane. Intranuclear capsids bud through the inner nuclear membrane into the perinuclear cisterna, which requires fusion of the inner nuclear membrane to give rise to a primary viral envelope. As shown for varicella-zoster virus and PrV, by subsequent fusion with the outer nuclear membrane or the membrane of the endoplasmic reticulum, naked capsids are released into the cytoplasm. Secondary envelopment takes place in proximity to trans-Golgi vesicles, which again involves membrane fusion. Mature virus particles are transported in vesicles to the plasma membrane and are released by fusion of vesicle and plasma membranes (13, 14, 40, 43) . A similar mechanism has recently also been suggested for HSV-1 (3, 41) . Direct transfer of infectivity from primary infected cells to adjacent uninfected neighbors, which results in plaque formation in cell culture, is also thought to involve limited fusion between the plasma membranes of the adjoining cells. Despite the importance of membrane fusion events during herpesvirus infection, the mechanisms guaranteeing controlled and directional fusion are only poorly understood.
For HSV-1, gB, gD, gH, and gL are necessary for entry and cell-to-cell spread, suggesting similar or even identical requirements for both processes. However, in PrV these membrane fusion events can be differentiated, since gD is essential for entry, whereas cell-to-cell spread occurs efficiently in the absence of gD in vitro and in vivo (15, 28, 32, 34) . The transient transfection-fusion system described here resembles cell-tocell spread in its requirements since fusion occurs efficiently in the absence of gD, while for the HSV-1 system all four wild-type proteins have be present (38) . Thus, the in vitro fusion assay mimics the natural process during virus infection and demonstrates that PrV gB, gH, and gL are necessary and sufficient to mediate fusion.
Using mutated glycoproteins, either the hybrid gDH in combination with gB or C-terminally truncated gB-008 in combination with gH, we were able to induce fusion with only two viral components. The complexity of the fusion system has thus been reduced to a level which appears to be more amenable to detailed biochemical analyses than those involving three or four functional units. In both two-component fusion systems in PrV, gL is not required for induction of fusion. This may not be FIG. 5 . Glycoprotein M inhibits fusion. RK13 cells were transfected with plasmids coding for gB-008 and gDH (A); gB-008, gDH, and gM (B); or gB-008, gDH, and gN (C). Pictures were taken 27 h after transfection. Magnification, ϫ65. surprising, since a gL-negative mutant is able to directly spread from cell to cell, although to a very limited extent (21) . gL forms a complex with gH, and gL is anchored in the membrane via this interaction (21, 36) . However, whereas in HSV-1 gL is required for virion localization of gH, PrV gH is incorporated into virions in the absence of gL. PrV virions lacking gL are noninfectious, a defect which can be overcome by polyethylene glycol-induced fusion, indicating that gL plays an essential role in penetration but is less important for cell-to-cell spread, which further separates the two processes. It will be interesting to test whether a viral mutant expressing gB-008 instead of full-length gB is able to infect cells in a gL-independent manner. The limited ability of the PrV gL Ϫ mutant for direct cell-tocell spread was used for passaging, which resulted in the isolation of a mutant virus which proved to be infectious even in the absence of gL. In this PrV-⌬gLPass mutant, a protein consisting of the 271 N-terminal amino acids of gD fused to the 590 C-terminal amino acids of gH compensates for the lack of gL. Moreover, the gDH hybrid protein was shown to substitute for gH, gD, or gL and also for simultaneous lack of gD and gH (23) . In our fusion assay, gDH also functionally substituted for gH and gL. Thus, gL function can be compensated for by alterations in gH. For induction of fusion, gDH requires only gB as an additional viral component. The most fusogenic combination in our assays was gDH and gB-008, which resulted in rapid and extensive fusion. This high fusogenic activity in combination with gB-008 may suggest that gL and/or the gL-binding domain of gH, which seems to be lost in gDH, negatively controls and restricts fusion. We never observed fusion when plasmids expressing either gB or gH or modified versions thereof were omitted, which parallels the inability to isolate any gB-or gH-negative infectious mutants. Thus, these two proteins appear to be central to the fusion process.
Deletion mutants of glycoproteins gE, gI, gM, gK, and the putative membrane protein encoded by the UL20 gene exhibit a decrease in plaque size, which could indicate a role in fusion. However, inclusion of gE or gE plus gI, which form a noncovalently linked complex (44), or gK, UL20, or gK and UL20, which functionally interact (8), had no obvious effect on the extent of fusion. In contrast, inclusion of a PrV gM-expressing plasmid provoked a drastic inhibition of fusion compared to controls without gM. Thus, PrV gM negatively influences fusion in this assay. gM is one of the few nonessential glycoproteins which is conserved in the Herpesviridae. Deletion of gM in wild-type PrV resulted in only a slight decrease in plaque size and a ca. 100-fold reduction in viral titers (9) . In contrast, we recently noted that deletion of gM from a gE/gI-negative virus mutant caused accumulations of nucleocapsids in association with tegument protein, and only very few virus particles were released. This correlated with a drastically reduced capacity to spread directly from cell to cell. Thus, we suggested that gE-gI and gM may have overlapping functions in late stages of virion morphogenesis, prior to final envelopment (2) . As concerns the inhibitory function of gM in our fusion assays, none of our gM deletion mutants exhibited signs of deregulated fusion. The role of gM in the in vitro fusion assay with only a limited number of specific viral components thus appears to be different from the situation during viral replication, in which an abundance of viral proteins which are involved not only in fusion but also, e.g., in virion morphogenesis, is expressed in a coordinated manner. Therefore, the role of gM during virus infection may be more complex than measured in the fusion assay.
Still, inhibition of fusion by gM seems to be a function which is conserved at least within the alphaherpesviruses, since a reduction in PrV glycoprotein-induced cell fusion was also observed after addition of plasmids encoding gM homologs from EHV-1 or ILTV. However, in contrast to PrV, for these two viruses the product of the UL49.5 gene, which forms a complex with gM, had to be coexpressed. In PrV (19) , EpsteinBarr virus (24) , and ILTV (W. Fuchs, personal communication), the UL49.5 gene product is glycosylated and was named gN. Virion localization of PrV gN is dependent on the presence of gM, but gM is found properly processed in the envelope of a gN-negative PrV mutant (19) . In contrast, EHV-1 and ILTV gM is not properly processed and transported in the absence of gN (30; Fuchs, personal communication). Thus, the requirements for gN in in vitro fusion inhibition are similar to those observed for gM processing in virus-infected cells.
Surprisingly, gM inhibited not only fusion induced by PrV glycoproteins but also fusion mediated by the BRSV F protein (31) . gM is predicted to be a highly hydrophobic protein, consisting of seven or eight transmembrane domains. It is conceivable that this tight integration of gM into membranes reduces their fluidity and consequently their ability to fuse. Thus, the biochemical properties of membranes after insertion of herpesvirus gM proteins need to be closely analyzed.
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